Understanding the relationship between structure and function in the brain requires investigating the full diversity of neuronal subtypes, and mapping their circuit connections. Traditional mapping techniques, such as lesions, anatomical tracing, fMRI, and intrinsic signal imaging, have been biased toward excitatory or mixed neuronal population responses. This is largely due to research that has historically focused on excitatory neuron responses, given that excitatory neurons in the cortex outnumber inhibitory neurons five to one 1 . Such maps have been instrumental in discerning the topographical organization and stereotyped response patterns of brain areas and have thus provided a general understanding of functional connectivity.
Maps are established and aligned via multiple mechanisms, including molecular cues, spontaneous or sensory-dependent remodeling, and refinement 2 . In the somatosensory cortex of rodents, excitatory thalamocortical afferents undergo activity-dependent refinement during a critical period of development 3 . Initially, somatosensory maps are diffuse and overlapping. With time, activity sculpts this diffuse pattern into refined barrels, such that individual whiskers are represented by discrete segments of cortex. Similar progression of map refinement occurs in many areas of the brain, including well-described processes in the visual system 4, 5 and cerebellum 6, 7 . Although our understanding of the functional relevance of sensory maps remains incomplete, general perception argues that they may serve critical roles in preserving sensory information or conveying computational advantages in the relay of afferent information to higher brain areas 8 .
Genetic and imaging strategies now exist to selectively target diverse subtypes of neurons and allow monitoring of their functional connectivity 9, 10 . These tools have revealed many properties of individual inhibitory neurons, as well as functional contributions of established inhibitory networks. Studies suggest that inhibitory interneurons respond to a wide variety of stimuli [11] [12] [13] , provide blanket inhibition to surrounding neurons 14 , and can regulate networks through the propagation of oscillations [15] [16] [17] . In sharp contrast to experience-dependent refinement of excitatory neuron responses, individual parvalbuminpositive interneurons in mouse visual cortex are initially narrowly tuned for orientation selectivity, but then become more broadly tuned 18 . However, mouse visual cortex lacks orientation-specific organization 19 , and thus the developmental evolution of inhibitory network response properties, or maps, has remained elusive.
In this study, we used the mouse olfactory system to investigate the development of inhibitory neuron sensory maps. Inhibitory granule cells are the most numerous cell type in the olfactory bulb 20 and are continually added through postnatal neurogenesis and integrated into olfactory bulb circuits. Adult-born granule cells originate in the subventricular zone and migrate tangentially to the olfactory bulb, where they eventually populate the superficial granule cell layer and continue to mature anatomically, electrically and synaptically as they complete radial migration 21 .
Unlike visual, auditory or other sensory modalities, the olfactory system detects discrete volatile stimuli from a large array of chemical molecules rather than a continuous sensory space. The olfactory bulb circuitry supports this segmentation of sensory space. Axons of olfactory sensory neurons that express in common an olfactory sensory receptor converge on one or two glomeruli in the olfactory bulb [22] [23] [24] . Mitral and tufted cells receive sensory input from a single glomerulus and relay this information to the piriform cortex. Initial processing of sensory information occurs in the bulb, via input from local inhibitory interneurons onto mitral and tufted cells 25, 26 . Thus, the spatially organized pattern of glomerular activation creates a sensory 1 9 0 VOLUME 20 | NUMBER 2 | FEBRUARY 2017 nature neurOSCIenCe a r t I C l e S activation map specific to a given olfactory stimulus 27, 28 . Initial experiments to dissect the structure and function of olfactory sensory maps examined either presynaptic sensory neuron projections 27 or intrinsic imaging responses of mixed cell populations 29, 30 . More recently, higher resolution mapping techniques have defined response properties of specific neuronal subtypes from superficial interneurons in the glomerular layer of the bulb 31 . It remains unknown, however, how the vast inhibitory interneuron network in the granule cell layer dynamically contributes to olfactory sensory mapping.
Here we investigated the development of inhibitory interneuron sensory maps. We use the term "map" as a way to describe discrete activation domains to different odorants, whereby we have mapped the area (size and position) of the olfactory bulb's inhibitory network upon activation by several different specific olfactory stimuli. We used viral delivery of conditional GCaMP6 into olfactory bulbs of either Dlx5/6-Cre or Crhr1-Cre mice, which genetically targets expression of this calcium indicator to early-stage or mature granule cells, respectively. We tracked the development of sensory maps of inhibitory granule cells during their integration into olfactory bulb circuitry and found that single odors produced broader sensory maps from mature integrated inhibitory cells than from immature, developing inhibitory cells. We further found that these maps were sensitive to experience manipulations and that olfactory-driven learning precociously expanded network responses, while blocking sensory experience restricted maps to an immature state. In summary, we describe the formation and expansion of an inhibitory sensory network map in vivo. This developmental broadening of an inhibitory sensory network contrasts sharply with previously described excitatory map pruning and refinement, but simultaneously exhibits the shared property of experience-dependent plasticity.
RESULTS

Genetic labeling of inhibitory granule cells at differing maturation states
With the goal of mapping sensory activation in developmental subsets of inhibitory interneurons within the olfactory bulb, we implemented conditional viral genetic methods to selectively label granule cells at different stages of maturation. We used transgenic mice that expressed Cre recombinase under the control of a promoter from either the inhibitory progenitor marker Dlx5/6 (ref. 32) , to target immature adult-born granule cells, or corticotropin-releasing hormone receptor (Crhr1), which marks mature, integrated granule cells 33 . Using conditional viral reporters, we verified that both Cre lines labeled granule cells (Fig. 1a,b) , but whereas GFP-labeled cells were concentrated in the middle or deep layers of Dlx5/6-Cre bulbs, Crhr1-targeted cells were predominantly located near the superficial and middle granule cell layers (Fig. 1a) . This is consistent with granule cell migration patterns whereby early progenitors migrate from the core of the olfactory bulb to the superficial layer, which is enriched in mature and integrated granule cells 21, 34 .
In addition to the temporal specification provided by conditional viral labeling, we also spatially limited the injection to the center of the olfactory bulb, thereby avoiding neuroblasts in the rostral migratory stream and other layers of the olfactory bulb where inhibitory neurons reside. Thus, the vast majority of the cells labeled through conditional viral injections were granule cells, and we rarely observed labeled cells outside the granule cell layer in either Dlx5/6-Cre or Crhr1-Cre targeted mice (Fig. 1a) .
To differentiate the temporal dynamics of the Dlx5/6 and Crhr1 drivers in the olfactory bulb, we performed 5-ethynyl-2′-deoxyuridine (EdU) birth dating in combination with viral labeling. Dlx5/6-Cre mice were first pulsed with the proliferation marker EdU, followed by injections of conditional GFP virus into the olfactory bulb at time points ranging between 7 and 60 d after EdU delivery (Fig. 1c,d top) . At the earliest time points examined, 7 and 14 d after EdU labeling, we observed the highest ratio of GFP + EdU + /total EdU + cells, whereas the amount of coexpression dropped below half of the highest ratio after 21 d, eventually plateauing by 40 d (Fig. 1c,e) . By targeting viral delivery to the olfactory bulb and avoiding brain structures that harbor earlierstage granule cell progenitors, we never observed co-labeling ratios above 60% at the earliest time points, when many migrating neurons have not reached the olfactory bulb. Notably, and integral to our study design, this developmental expression pattern was the inverse of what we previously obtained for the temporal expression in Crhr1-expressing neurons 33 ( Fig. 1c bottom and Fig. 1e) , where we noted colabeling in more than 50% of new granule cells 21 d after EdU labeling and where the ratio plateaued to near 100% by 28 d. Thus, using the Dlx5/6-Cre and Crhr1-Cre driver lines, combined with stereotaxic viral injections of conditional reporters into the core of the olfactory bulb, we isolated granule cells at distinct stages of interneuron development.
Functional maturation states of genetically labeled granule cells
We next sought to determine the functional maturation state of selectively labeled inhibitory granule cells via whole-cell patch clamp electrophysiology. Through visually targeted whole-cell recordings, we found that both Dlx5/6-and Crhr1-expressing neurons were active, and injected current elicited action potentials (Fig. 2a) . However, although Dlx5/6-expressing neurons were electrically functional, they displayed several indicators of a more immature state, including wider action potential half-width (2.691 ± 0.23 ms versus 2.02 ± 0.19 ms), higher membrane resistance (970 ± 79 MΩ versus 645 ± 57 MΩ) and lower capacitance (11.43 ± 0.82 pF versus 13.71 ± 1.28 pF) (Fig. 2b-d) . However, we did not observe any differences between the two classes of granule cells in the frequency-current curves, resting potentials, amount of current needed to reach action potential threshold (14.91 ± 1.78 pA versus 18.56 ± 2.87 pA) or time to action potential peak in response to a current injection (49.05 ± 7.00 ms versus 62.74.70 ± 11.36 ms at 30pA) ( Fig. 2e-h) . In fact, anatomically we did not observe gross morphological differences between these developmentally staggered groups of granule cells (Supplementary Fig. 1 ).
To distinguish whether Dlx5/6-expressing cells are early stage neurons that later give rise to Crhr1-expressing neurons, versus a distinct neuronal subpopulation, we crossed Dlx5/6-Cre mice to Crhr1-GFP reporter mice and virally labeled Dlx5/6-expressing cells to track the conversion of Dlx5/6 neurons into Crhr1 neurons over time (Fig. 2i) . We observed only a small overlap in the labeled cells 14 d after viral injection of AAV-flex-tdTomato to label Dlx5/6 neurons, whereas the percentage of original Dlx5/6-expressing cells that became Crhr1 + increased to over 80% by 60 d after injection (Fig. 2j,k) . Together, these data suggest that the two drivers label functionally distinct stages of granule cell development, but both types of cells respond and fire action potentials similarly to presynaptic excitatory input, and both populations could actively participate in olfactory bulb circuitry.
Sensory maps of the olfactory bulb
Having established the genetic tools to label granule cells at distinct stages of maturation, we next sought to compare sensory-evoked spatial activation patterns formed by these interneuron networks. Toward this end, we targeted expression of the genetically encoded calcium indicator GCaMP to either Dlx5/6-or Crhr1-expressing granule cells and performed wide-field epifluorescence calcium imaging. We did not observe any evidence that expression of GCaMP changed the development of targeted cells, as there were no appreciablea r t I C l e S 33 ) expression data generated as in c in newborn neurons (data points represent averages ± s.e.m., n = 4 Dlx5/6-Cre, 3 Crhr1-Cre, 4-6 olfactory bulbs per time point, 5 slices per olfactory bulb).
a r t I C l e S differences in intrinsic membrane properties of Dlx5/6 neurons after 2 weeks of viral GFP or GCaMP6m expression ( Supplementary  Fig. 2 ). We then recorded population-level sensory activation of inhibitory neuron networks at discrete stages of maturation by visualizing the entire dorsal olfactory bulb through thinned skulls of anesthetized animals expressing GCaMP variants (Fig. 3a) .
To establish a reference excitatory odor map against which to compare developing inhibitory odor maps, we first examined the sensory odor response maps of mitral and tufted cells in the glomerular layer of Thy1-GCaMP3 transgenic reporter mice 35 ( Fig. 3a-c) . To evaluate the specificity of responses, we differentially presented a panel of 12 odorants, each of which activated a different set of glomeruli ( Fig. 3c and data not shown). Although the precise activation patterns varied slightly between animals, the general area of activation was consistent and reproducible. Previous studies that implemented either intrinsic signal imaging 29, 30 , imaging of synapto-pHluorin release from presynaptic olfactory sensory neuron terminals 27 or mitral cell calcium imaging 35 produced similar olfactory sensory maps in the olfactory bulb. 
a r t I C l e S
We next targeted maturing granule cells for GCaMP expression and odor response mapping. Conditional viral expression of the genetically encoded calcium indicator GCaMP6m 36 in Dlx5/6-Cre or Crhr1-Cre mice allowed us to differentially detect the activation of populations of granule cells as a change in fluorescence of the dendrites in the external plexiform layer of the olfactory bub. Initially examining immature, Dlx5/6-expressing granule cells, we noted larger contiguous areas of activation than we observed from the mitral and tufted cell imaging (areas spanning several glomeruli) (Fig. 3d) . This responsive area was located in a similar position to the activated mitral and tufted cells observed in Thy1-GCaMP3 mice and dynamically changed in accordance with the stimulus presented. However, unlike mitral and tufted cells, the apical dendrites of granule cells are not anatomically restricted to a single glomerulus, thus we did not see evidence of specific glomerular-type response, but instead observed larger, more diffuse activation patterns that were qualitatively distinct. The differentially activated areas were stimulus-specific and not a result of the viral labeling or imaging procedure, since the maps reported ) for a Thy1-GCaMP3 mouse shows mitral and tufted cell dendrite activation displaying glomerular activation patterns. Immature (d) and mature (e) granule cell maps, in a Dlx5/6-Cre AAV-flex-GCaMP6 mouse and a Crhr1-Cre AAV-flex-GCaMP6 mouse, respectively, show more diffuse odor-dependent areas of activation.
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VOLUME 20 | NUMBER 2 | FEBRUARY 2017 nature neurOSCIenCe a r t I C l e S odor-specific activation patterns across the entire dorsal surface of the bulb and were contingent upon the stimulus. Together, these data allowed us to begin to construct inhibitory network maps that largely paralleled excitatory mitral cell activation domains, albeit with qualitatively different and more diffuse areas.
Inhibitory sensory maps become broader with maturation After elucidating the sensory maps of immature granule cells, we next constructed maps for more mature granule networks using the Crhr1-Cre driver line. Hypothesizing that inhibitory maps, like their excitatory counterparts, are pruned and refined as circuits mature, we expected sharpening in mature granule cell sensory maps. Instead, we observed that a given odorant activated Crhr1-expressing granule cells across wider areas of the bulb than Dlx5/6-expressing granule cells (Fig. 3e) . To quantify the area activated by a specific stimulus, we set the threshold for response maps at 50% maximal change in fluorescence (∆F) (Fig. 4a-c) and compared the centroid of the activated area for each cell type. We found that overlapping activated areas across cell types were dynamic for the stimulus presented (Fig. 4d) . When we compared the consensus maps from multiple animals for the odorant pentanol, we noted that the Dlx5/6 map was smaller in area than the Crhr1 map, but the overall positioning was consistent (Fig. 4e) . We analyzed both ∆F (Fig. 4) and the ratiometric change in fluorescence (∆F/F) (Supplementary Fig. 3 ). Maximal ∆F and ∆F/F values were similar for the two populations of granule cells ( Fig. 4f and  Supplementary Fig. 3c ), suggesting that neither the maximum density of the activated cells nor the GCaMP6 viral expression was noticeably different in the two granule cell populations. We report the ∆F analysis to remain consistent with olfactory bulb response maps described previously 27, 31 . The area activated by pentanol (area ≥ 50% of the maximal ∆F response) showed significantly larger domains for the mature Crhr1-expressing granule cells compared to immature Dlx5/6-expressing cells, occupying more than twice the area (Fig. 4b,c,g ). In addition to analyzing activated areas, we also compared normalized fluorescence values for all pixels in the non-thresholded response maps, observing a right shift toward increased proportion of higher ∆F values in the mature Crhr1 labeled granule cells (Fig. 4h) . After analyzing other odorants in a similar manner, we found a comparable activated area expansion in mature granule cells versus younger ones across stimuli (Supplementary Fig. 4 ). Thus the observed broadening of inhibitory sensory maps with developmental maturation, without obvious changes in maximal fluorescence levels, suggested that mature granule cells receive more inputs [37] [38] [39] .
Finally, to validate that Dlx5/6-targeted neurons follow the same developmental trajectory as Crhr1-expressing neurons, we conducted mapping experiments in Dlx5/6-Cre animals at later time points. For this, we again targeted Dlx5/6-expressing neurons for GCaMP6m expression, but waited 5-6 weeks after viral labeling to allow a r t I C l e S the granule cells to fully mature before imaging. Like Crhr1 maps, Dlx5/6 maps generated 5-6 weeks after injection had larger activated areas than those of the immature Dlx5/6-expressing population (Supplementary Fig. 5 ). Together, these data suggest that the observed inhibitory network map expansion is due to the maturation state of the granule cells and not differential targeting of conditional GCaMP reporters to different granule cell subtypes.
Additional excitatory inputs with inhibitory map expansion
Having described the developmental broadening of granule cell sensory maps, we next sought synaptic evidence of additional inputs.
We reasoned that if distant mitral cells can more effectively activate mature granule cells, we might expect that mature granule cells would receive additional and/or more diverse excitatory synapses. Using whole cell recordings, we assayed the synaptic inputs onto the two different populations of granule cells by recording miniature excitatory postsynaptic currents (mEPSCs) (Fig. 5a) . Consistent with anticipated connectivity changes that are thought to occur with neuronal maturation, we measured significantly more excitatory synaptic events in Crhr1-expressing cells than in Dlx5/6-expressing ones (Dlx5/6-Cre mEPSC frequency 0.231 ± 0.057 Hz, Crhr1-Cre mEPSC frequency 1.199 ± 0.297 Hz) (Fig. 5b) , A c e t e p h e n o n e P e n t a n o l I s o a m y l a c e t a t e a r t I C l e S of enhanced synaptic connectivity in the more mature cohort. There was no change in the mean cell mEPSC amplitude (Dlx5/6-Cre mEPSC amplitude 1.49 ± 0.15 pA, Crhr1-Cre mEPSC amplitude 1.757 ± 0.1874 pA) (Fig. 5c inset) , but we did note a significant difference in the variance of all the events in the cells measured (Fig. 5c) . Thus, mature Crhr1-expressing cells receive more synapses than immature Dlx5/6-expressing cells.
To further confirm that granule cells add inputs from distal mitral cell as they mature, we implemented optogenetic mapping to measure functional connections from channelrhodopsin (ChR2)-expressing mitral cells onto either immature or mature granule cells (Fig. 5d-f) 40 . By limiting blue light to a small, 30-µm-diameter area of illumination (Supplementary Fig. 6 ), we activated either proximal or distal mitral cells and measured the synaptic input onto either immature or mature neurons (Dlx5/6-Cre neurons 2-3 or 5-6 weeks after viral injection, respectively) ( Fig. 5d-f) . We found that mature granule cells received stronger connections from distal mitral cells, whereas immature granule cells received little to no input from mitral cells further than 250 µm away (the approximate radius of the immature sensory activated maps) (Fig. 5f) . Thus the expansion of the granule cell map is at least in part due to increased connections from distal mitral cells.
Individual granule cells become broadly tuned
We noted that, as a network, granule cell response areas became larger with maturation, but we also sought to explore the response properties of individual granule cells in vivo. Toward this end we visualized calcium transients by two-photon imaging in both mature and immature granule cells in response to a small panel of odorants (Fig. 6a,b) . We found that mature neurons were more likely to respond to odor stimulation than immature neurons (26.3% Dlx5/6-expressing neurons responding versus 50.6% Crhr1-expressing neurons responding) (Fig. 6c top) . Of the responsive granule cells, we found that the Dlx5/6-targeted cohort overwhelmingly responded to a single odor (Fig. 6c bottom) whereas Crhr1-targeted neurons responded to a broader range of stimuli. Whereas only 12.6% of the responsive Dlx5/6 neurons responded to multiple odors, 38.1% of Crhr1 neurons did so. Moreover, a small percentage of this more mature population responded to four or more odors. When we evaluated profiles to individual odors, we found that, of the responsive neurons, a similar percentage of the Dlx5/6 neurons responded to each of the different olfactory stimuli presented, including complex odors such as coffee and a mixture of eight individual chemicals, whereas significantly more Crhr1 neurons responded to the complex odorants (Fig. 6d) . Thus, not only do sensory maps of granule cell networks become larger and broader with development, the tuning properties of individual granule cells become both more responsive and more broadly tuned as well.
Developing granule cell maps are susceptible to experience manipulations A hallmark of developing excitatory sensory maps is susceptibility to experience or activity manipulations. To test whether inhibitory maps are likewise sensitive, we performed two different manipulations of the animals' sensory experience. First we wanted to determine how restricting sensory experience might affect normal granule cell map maturation. To test this, we performed unilateral, reversible naris occlusion 41 for 5-6 weeks in mice that expressed GCaMP in either immature (Dlx5/6) or mature (Crhr1) granule cells (Fig. 7a,b) . Comparing the sensory maps of the occluded to the open control side (Fig. 7c,d) , we found that decreased sensory experience prevented a r t I C l e S normal expansion of immature granule cell sensory maps (Fig. 7e) , but had no effect on the sensory maps of the mature granule cells (Fig. 7f) . Furthermore, the maximal ∆F did not change in either state. To determine whether this sensory manipulation resulted in synaptic changes, we performed whole-cell mEPSC analysis in both sets of neurons ( Fig. 7g-k) . We found a sharp and significant decrease in the frequency of events only in the immature cells (Fig. 7h,i) , whereas more mature cells showed no change, suggesting that once established the number of synaptic connections onto granule cells is stable.
As decreased sensory experience prevented the expansion of inhibitory sensory maps, we next enhanced olfactory sensory experience by training mice in a Go/NoGo olfactory task (Fig. 8a) . After habituating the mice to a training box, we labeled immature granule cells with the GCaMP virus and trained the mice to perform a Go/NoGo task ( Fig. 8b and Supplementary Fig. 7a) . We next imaged GCaMP response maps to the odorants used in the training (Fig. 8c) and analyzed the activation domains as described previously (Fig. 4) . Compared to that in control mice that were not trained, the area of the bulb activated by the trained odors was significantly larger (Fig. 8d) . The data suggest that this premature expansion of the sensory map was specific to the trained odors, since novel odors did not elicit a similar expansion. This effect was not due to the odor selected for training, as different odor pairs produced similar results ( Supplementary Fig. 7b,c) . Recording the synaptic events after training showed increased variability of event frequency ( Supplementary  Fig. 7d-f) , with a trend toward increased event frequency. This is not surprising, since interneuron map expansion was specific to the training odors and responses are sparse to individual odors. Together, these data suggest that learning resulted in map expansion, as both rewarded and unrewarded odor maps were plastic and repeated passive exposure to odors without learning did not cause map expansion (Supplementary Fig. 8) . Additionally, learning-induced sensory map expansion was limited to immature neurons, given that training and subsequent imaging of mature granule cells did not change either activation domains or synaptic properties (Supplementary Fig. 9 ). Thus, our findings support a model whereby developing granule cells may initially receive centralized connections located near the activated mitral cells, and with sensory experience (or normal maturation) they may receive additional inputs from distal mitral cells to expand the inhibitory sensory map (Fig. 8e,f) .
DISCUSSION
By genetically targeting different stages of granule cell maturation for temporally defined and cell type-specific expression of GCaMP6, we have begun to reveal the development of sensory maps in an inhibitory network. Combining genetic, viral and in vivo imaging methods, we were able to isolate and monitor the activity of inhibitory interneuron populations as they become integrated into existing excitatory circuitry and further analyze how functional integration translates into sensory activation of a network. Notably, we found that, in contrast to previously described maps that show consolidation and refinement of excitatory connections with maturation, interneurons display a dramatic expansion and broadening of their patterned connectivity. Although excitatory and inhibitory cells have opposing functions in the brain, and as such it is reasonable that their network development would likewise be different, it is still surprising that inhibitory sensory map development was opposite.
Historically, granule cell function has been closely tied to lateral inhibition and contrast enhancement 42 . Although the dendrites of individual granule cells extend only 200 µm within the external plexiform layer, the lateral dendrites of mitral cells can reach over 1,000 µm and are thought to connect distant areas of the olfactory bulb 20 . Consistent with this, our data suggest that granule cells are first innervated by common or local inputs before being recruited by distant, functionally distinct areas.
Intriguingly, map expansion evident in olfactory bulb granule cells may be a fundamental principle of inhibitory map development. If most inhibitory cells are broadly tuned or can respond to a wide range of stimuli, it would follow that an individual stimulus could activate a diverse and expansive number of inhibitory cells, thereby creating a broad map. Such a broad map could either be present from the earliest stages of development or, as we found, the map could evolve and broaden through experience and time. These types of associative connections that result from adding distal inputs after the establishment of initial local connections are ideal cellular candidates for brain state-dependent neuromodulation, learning, or memory.
Current theories on the importance of granule cells have suggested roles in plasticity and memory. Likewise, the importance of inhibitory neurons in brain plasticity is well supported. Previously, the search for neural correlates of learning and plasticity had focused largely on excitatory cells and synapses, but it is now appreciated that inhibitory interneurons also play an integral role in the brain's ability to adapt and learn. Inhibitory neurons directly influence phases of enhanced plasticity during critical periods 43 , and inhibitory circuits contribute to both acquisition and expression of fear conditioning memory 44 . Thus, it is vital to better understand the developmental mechanisms that govern inhibitory network sensory map formation and function and to elucidate the contributions of inhibitory networks toward sensory processing.
Inhibitory input by adult-born granule cells in the olfactory circuit is a critical determinant of odor detection threshold, short-term olfactory memory and perceptual learning [45] [46] [47] . In turn, olfactory learning itself can increase granule cell survival 48, 49 , demonstrating a dynamic and intricate relationship between learning, circuit maintenance and granule cell function. Our findings that experience and learning can enhance inhibitory sensory map development support the importance of inhibitory cells in these behaviors. Granule cells initially receive excitatory inputs onto their somata and basal dendrites before they receive excitatory inputs on their distal dendrites [37] [38] [39] . These initial inputs may originate from local mitral cells and centrifugal inputs, whereas additional connectivity later in their development might come from distant mitral cells. Thus, immature inhibitory sensory maps may provide contextual information for early sensory processing, which is later modulated by activity-dependent synaptogenesis. One intriguing possible biological consequence of this is that developmental expansion of inhibitory sensory maps may represent circuit substrates for associative learning.
We have also defined the later stages of granule cell maturation based on molecular markers instead of relying strictly on birth-dating. By focusing on genetic markers, we were able to differentiate latedeveloping granule cells from the mature, fully integrated cells and thus detect the different functions they may have in sensory processing and/or learning. Altogether, we describe here the formation and expansion of an inhibitory sensory network map in vivo, as well as the sensitivity of inhibitory sensory maps to experience manipulations. Further, we highlight the marked differences in map expansion versus refinement of interneurons compared to excitatory cells during development. With these data, it now becomes intuitive that interneuron sensory maps show this type of map expansion with maturation, since the main role for interneurons is to act as the refinement regulator of excitatory circuits. Overall, our mapping efforts have both revealed potential general principles of interneuron network development anda r t I C l e S reinforced the importance of examining multiple cell types toward better understanding how differential cell types and their patterns of functional connectivity contribute to brain function.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. Viral injection and edU pulsing. Adeno-associated viruses (AAV) serotype DJ/8 encoding flexed-GCaMP6m 36 , flexed-GFP or flexed-tdTomato were packaged in house. 630 nL AAV (~2.5 × 10 12 viral particles/mL) were injected into the main olfactory bulb (from bregma: ML, ± 0.9 mm; AP, 3.82 mm; and 0.9 mm from the surface of the bulb) of Dlx5/6-Cre or Crhr1-Cre mice using glass injection pipettes and a Nanoject II (Drummond Scientific Company, Broomall, PA) with a rate of 63 nL/s at 20-s intervals to obtain uniform labeling of granule cells.
Birth-dating of neurons was performed as previously described 33 . Briefly, adult Dlx5/6-Cre or Crhr1-Cre mice received two doses of EdU (Invitrogen, 50 mg/kg) intraperitoneally 8 h apart. Seven, 14, 21, 28, 45 and 60 d after EdU pulsing, AAV-flex-GFP was injected into the Dlx5/6-Cre olfactory bulb as described above, and experimental mice were sacrificed 14 d after injection for imaging and colocalization analysis.
Immunohistochemistry and confocal imaging. For confocal imaging, animals were deeply anesthetized using isoflurane, followed by intracardial perfusion of PBS and 4% PFA. Brains were dissected, postfixed in 4% PFA at 4 °C overnight before cryoprotection in 30% sucrose. Olfactory bulbs were coronally sectioned at 25 µm using a cryostat (CM1860, Leica). Free-floating sections were stained with rabbit anti-GFP (Synaptic Systems, Cat. No. 132 003, 1:1,000) and a Click-iT EdU Alexa-555 kit (Invitrogen C10338) and anti-rabbit Alexa-488 (1:500 Invitrogen A32731). Confocal images were obtained using a Leica TCS SPE confocal microscope. Single optical planes were imaged with a 20× objective. The field of view spanned all layers of the granule cell area. For birthdating assays, the total number of EdU-546 positive cells and number of GFP cells colocalizing with EdU-546 were counted blind to time point. For the timeframe for maturation of Dlx5/6 cells into CHRH cells, the total number of AAV-flex-tdTomato cells and number of AAV-flex-tdTomato cells colocalizing with Crhr1-GFP were counted blind.
Anatomic reconstructions of single cells were assessed from animals injected with low titer AAV-flex-GFP virus. 80-µm horizontal sections were stained with rabbit anti-GFP (Synaptic Systems, 1:1,000) and subsequently anti-rabbit Alexa-488 (1:500). Confocal z-stacks were obtained at 1-µm intervals covering the entire cell. Only cells without any clipping of dendritic arbors were analyzed. Analysis was performed blind to genotype, and granule cells were reconstructed using Neurolucida Software (MBF Bioscience, Williston, VT).
electrophysiology. Mice were deeply anesthetized with isoflurane and then perfused with cold artificial cerebrospinal fluid (ACSF, in mM:125 NaCl, 25 glucose, 25 NaHCO 3 , 2.5 KCl, 2 CaCl 2 , 1.25 NaH 2 PO 4 and 1 MgCl 2 , pH 7.3, 310-320 mOsm). The brain was dissected, embedded in low melting point agarose and placed in an ice-cold sucrose-based cutting solution (in mM: 87 NaCl, 2.5 KCl, 1.6 NaH 2 PO 4 , 25 NaHCO 3 , 75 sucrose, 10 glucose, 1.3 ascorbic acid, 0.5 CaCl 2 , 7 MgCl 2 ). 300-µm-thick coronal olfactory bulb slices were sectioned on a vibratome (VT1200, Leica). Slices were then recovered in oxygenated ACSF (37 °C) for 15 min and allowed to acclimate to room temperature for at least 15 min before recordings.
Granule cells were targeted using a combination of infrared Nomarski DIC optics and fluorescence microscopy (BX50WI, Olympus) and further identified by their high input resistance. Recordings were obtained on an Axon MultiClamp 700B amplifier and digitized at 10 kHz (Axon Digidata 1440A). Recording electrodes (5-8 MΩ) were fabricated from borosilicate glass microcapillaries (outer diameter, 1.5 mm) with a micropipette puller (Sutter Instruments).
Miniature excitatory postsynaptic currents (mEPSCs) were recorded from GFP + or tdTomato + granule cells in oxygenated ACSF containing 1 µM TTX, 10 µM APV, 20 µM bicuculline, using an internal solution that contained (in mM) 120 cesium methanesulfonate, 6 CsCl, 2 MgCl 2 , 0.05 CaCl 2 , 20 HEPES, 0.02 EGTA, 10 phosphocreatine disodium salt, 4 Mg-ATP, 0.4 Na 3 -GTP, 0.2% biocytin (pH 7.2 with CsOH, 290-300 mOsm). Cells were held at −70 mV throughout the experiment and access resistances were maintained at less than 30 MΩ. Signals were low pass filtered at 2 kHz and analyzed using MiniAnalysis (Synaptosoft) blind to cell type. mEPSC recordings for naris occlusion manipulations were performed after injecting AAV-flex-GFP in the right bulb and AAV-flex-tdTomato in the left bulb, randomly inserting the nose plug and performing the recordings blind to the occluded side.
Intrinsic membrane and spiking properties were recorded from GFP + granule cells in oxygenated ACSF using an internal solution that contained (in mM) 120 potassium gluconate, 10 KCl, 10 phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP, 10 HEPES and 0.15% biocytin (pH 7.3, 290-300 mOsm). Resting potential and compensated input resistance was recorded within seconds of breaking into a cell. Cells with a series resistance of <30 MΩ and <25% change for the duration of the experiment were used for analysis. Analysis of current-clamp electrophysiological data was performed using pClamp10 (Molecular Devices) Single action potential parameters (peak amplitude, half-width and hyperpolarization anti-peak) were measured at threshold and action potential amplitudes and after-hyperpolarization potentials were measured relative to action potential threshold. To measure granule cell firing properties, the frequency-current relationship was calculated as the spike frequency after current steps from 0 pA (resting approximately −60 mV) to 100 pA were applied in increments of 10 pA (0.05 Hz, 1,000 ms duration).
Optogenetic mapping of mitral cell inputs onto GCs were performed on Thy1-ChR2; Dlx5/6-Cre mice injected with AAV-flex-tdTomato. Recordings occurred either 2 weeks after injections (immature GCs) or 5-6 weeks after injections (mature GCs). An acousto-optic deflector (AOD)-based microscope system was used to optically stimulate the ChR2-expressing mitral cells. A BLMSeries 473 nm blue laser system (Spectra Services) was used to generate laser beams. A neutral density filter (Thorlabs) was used to attenuate laser intensity. Two orthogonally mounted AODs (LS55-V, Isomet) were employed to produce an arbitrary random-access 2D scan pattern. To generate acoustic waves for deflectors, two deflector drivers (IntraAction Corp.) were implemented. Custom software in Matlab (MathWorks) controlling output voltages through a D/A converter (National Instruments) connected the deflector drivers. A scan angle magnification telescope was used to increase scan range to fit the objective's field of view. Finally, the AOD scanning beam was coupled into the upright microscope. For circuit mapping, stimulation sites were programmed at grid points spaced 30 µm along the mitral cell layer in coronal olfactory bulb slices with 15 ms duration and 1 s intervals. To elicit action potentials in ChR2 + cells from the Thy1-ChR2 mice with high fidelity and spatiotemporal resolution, we optimized the laser intensity (40 mW/mm 2 ). For connectivity mapping experiments, we considered a synaptic event as an evoked postsynaptic current if it met two criteria: the amplitude was over 5 pA and the onset of the PSC was within 20 ms after the onset of laser stimulation. Each trace was analyzed, and the evoked PSC amplitude and probability for each stimulation spot were calculated. calcium imaging. In vivo wide-field calcium imaging was performed in anesthetized (urethane, 1.2 µg/kg) head-fixed animals (8-14 weeks old) through thinned skulls 14-21 d (or 5-6 weeks when noted) after viral injection. Animals were kept warm with a portable heating pad and a local anesthetic (bupivacaine, 0.5%) was applied to the incision areas. Sensory evoked responses were acquired with a Leica M205FA microscope at 6× magnification, a GFP filter set and a Leica FL6000 fluorescence light source. Optical signals were recorded for 9 s per trial at a 464 × 346 pixel resolution. A CCD camera (DFC360 FX, Leica) captured images at a frame rate of 10 Hz and videos were digitized at 12 bits using Leica Application Suite software. Odorants were presented using a custom-made olfactometer (stimulus duration, 3 s) and were presented as ~1% saturated vapor, adjusted for vapor pressure. Separate lines for each odorant were used to prevent cross contamination. The odors were presented in a random order with at least three trials per odorant at interstimulus intervals ≥60 s.
For in vivo two-photon calcium imaging, anesthetized mice (IP urethane 1.2 µg/kg) were placed in a stereotaxic head holder (Kopf Instruments) and the temperature of the mouse was maintained between 36.5 °C and 37.5 °C using a homeothermic blanket system (Harvard Instruments). In the surgical procedure, part of the skin over the skull was resected, the wound margins were sealed with surgical glue (VetBond, 3M) and a head holder was secured to the skull using bone cement. Using a dental drill and carbide bur FG 1/2, a craniotomy was performed over one or both olfactory bulbs, and the exposed tissue was washed with buffer (125 mM NaCl, 5 mM KCl, 10 mM glucose, 10 mM HEPES,
